A strain, KH 5-7, with complex chromosomal rearrangements was detected by the production of white ascospores. In crosses heterozygous for KH 5-7, 60 to 90% of the ascospores were aborted and about 40% of discharged tetrads were 0:8 (black: white) type. Whereas in homozygous crosses 0 to 10% of the ascospores were aborted. The strain KH 5-7 included an interstitial translocation and a chromosomal break point on the left arm of linkage group (LG) I. The interstitial translocation was suggested to lie between ser-3 and mating type locus (mt). The chromosomal break point was between nit-2 and leu-3 and the resulting chromosome fragment translocated to the right arm of LG VII in between un-l0 and nt. By the breakage of the right arm of LG VII, the resulting chromosome fragment translocated to the right arm of LG VI in between pan-2 and trp-2. The resulting chromosome fragment of the right arm of LG VI translocated to the left arm of LG I in between leu-3 and nit-2.
INTRODUCTION
Neurospora crassa is an ideal organism in detecting and analyzing chromosomal rearrangements.
Since N. crassa is one of the best analyzed organisms in eukaryotes genetically and biochemically, the chromosomal break points, positions of translocations and mutations created by chromosomal breakages can be analyzed precisely.
The number and position of visibly defective ascospores in the asci can easily be detected because ascospores containing chromosomal deficiency fail to pigment (Perkins 1972 (Perkins , 1974 . Over one hundred strains harboring reciprocal translocations have been analyzed and about thirty strains were found to have complex chromosomal rearrangements that generated viable duplications (Perkins 1974; Perkins and Barry 1977) . Complex rearrangements that do not generate viable duplications, however, are very rare and only few were analyzed (Barry 1961) . Reciprocal translocations and complex rearrangements that do not generate viable duplications are structurally stable compared with translocations generating duplications (Newmayer and Galeazzi 1977; Turner 1977) . Among many rearrangement strains a few were reported to be inseparable from mutant phenotypes affecting nutritional requirements or morphology (Perkins 1974) . Thus chromosomal rearrangements provide a method to originate a stable mutation by chromosomal breakage. In the present paper we report a complex chromosomal rearrangement among LG I, VI and VII including interstitial transl®cation very near to mating type locus (mt).
MATERIALS AND METHODS

Strains
The strains used are listed on Table 1 . 74-0R28-1A and 74-0R8-1a were used as standard wild type strains. The KH5-7 strain has been reported to be Mei-5 at the early stage of this work (Hasunuma 1982) . Standard KH5-7 
Media and technical method
The media and general methods used were described by Davis and de Serres (1970) . Fries minimal sorbose agar media (20 ml) supplemented with needed metabolites were used for direct plating of ascospores. Ascospore suspensions were filtered with gauze and the number of black ascospores per 0.02 ml of suspension media was determined.
After heat activation 100 to 150 black ascospores per petridish were plated at 50 to 55°C and incubated at 25°C for 2 days. All of the single colonies in one plate were isolated on glycerol complete, slant media. After additional incubation at 25°C for 1 to 2 days, the slow growing colonies were isolated and counted.
The viability of black ascospores was thus determined.
Conidia harvested from each isolates were dissolved in 2 ml of sterilized water (OD at 660 nm of about 0.05, which contained about 5 X 105 cells/ml). Fries minimal sorbose agar plates were used to spot test for nutritional requirements and sensitivity to acriflavin (30 ~Cg/ml).
Crossing and detection of white ascospores
All crosses were made on Westergaard crossing medium (0.5% sucrose) (Westergaard and Mitchell 1947) with appropriate supplements, in test tubes. Ascospores discharged on the wall of the test tubes (12 X 105 mm) were observed under a dissecting microscope for white and black ascospores.
RESULTS
Isolation of the strain, KH5-7
During the course of establishing a method for isolating meiotic mutants , a strain, KH5-7 appeared as a strain producing white, abortive ascospores among progenies from a cross between a strain including a reversion from nuc-1(T28-M1) and a LG V marker strain (FGSC1536). Crosses heterozygous for KH5-7 produced 60 to 90% of the abortive ascospores. Whereas crosses homozygous for KH5-7 produced 0 to 10%' of the abortive ascospores (Table  2 ). More than 3000 of progenies obtained from heterozygous zygotes for KH 5-7 were tested for their ascospore abortion after crosses with both standard wild types. About one half of the progenies produced ascospores with 0 to 10% abortion (wild type strains) and remaining half of them showed 60 to 90% of ascospore abortion (KH5-7 strains).
About 500 of progenies were further crossed with standard KH5-7 strains, N5A and N5a. All of the wild type strains produced ascospores with 60 to 90% abortion and also KH5-7 strains produced ascospores with 0 to 10% abortion. Thus KH5-7 characteristics were found to be stable. Even though the numbers of asci and ascospores per perithecium from crosses heterozygous for KH5-7 were normal, most of the ascospores were white or gray, and both types of ascospores were inviable. Tetrad analysis examined for black: white ascospore composition showed that 1) The percent of ascospore abortion varied depending on the wild type strains used. With the same combination of wild type and KH 5-7 strains, no obvious change in the percentage of ascospore abortion was observed for reciprocal crosses; the range of variation was about 10%. Fig. 1 . Analysis of discharged tetrads from structurally heterozygous zygotes for KH 5-7. KH 5-7; trp-1, dow a and FGSC 1209A was crossed and resulting tetrads discharged were analysed for their black ber,154).
white ascospore compositions (Total num-40% of tetrads were the 0:8 (black:white) type ( Fig. 1) indicating that more than two chromosomes were responsible for the phenotype. As described by Perkins (1974) , production of the abortive ascospores is diagnostic of chromosomal rearrangements.
Pseudolinkages among LG I, VI and VII
Since the character of KH5-7 to produce white abortive ascospores was found to be closely linked to mt, three point crosses were carried out to determine the location of chromosomal break point. The results shown in Table 3 indicated that the gene order and location of chromosomal break point were assumed to be ser-3, KH5-7 break point, mt, un-16 and acr-3, though the result in Table 3 (1) suggested that the KH5-7 break point might locate at the right of mt. Since ser-3 and acr-3 showed ambiguous responses on test plates in some case, mis-scoring of these markers might take place. To explain the production of 60 to 90% of abortive ascospores, at least three chromosomal rearrangements were assumed. Each chromosomal break point could be estimated by the nature to produce abortive ascospores. Therefore, chromosomes which have breakages form pseudolinkages with mt or ser-3 on Table 3 . Mapping of one of the chromosomal break points in KH5-T near mating type by means of three point crosses
1) The numbers, l and 2 correspond to the two regions among three markers as indicated in (1) of this Table. The numbers of progenies with various genotypes were arranged according to the leftmost marker.
2) KH 5-7 was assayed by the character to produce aborted ascospores. Heat activated ascospores (200 per plate) were plated in each experiment.
LG IL in the cross heterozygous for KH5-7. The KH5-7 strain was crossed with seven linkage marker strains and the markers on LG VI and VII were found to show pseudolinkages with mt or ser-3 as indicated in Table 4 .
Map distance of each marker from mt or ser-3 approximates the distance from chromosomal break points. From Table 4 (1), (2) and (3), chromosomal break point existed near nt on LG VIIR and reversely chromosomal break points on LG I could be estimated by the pseudolinkages with markers on LG I and nt. There was no indication on the existence of chromosomal breakage in LG IR, but un-5 on LG IL showed unexpectedly close linkage with nt compared with leu-3. From this the existence of additional chromosomal breakage distal to leu-3 was deduced. The closer linkage of ser-3 to nt compared with those of leu-3 and arg-1 indicated the existence of chromosomal breakage between leu-3 and arg-1 close to ser-3, confirming the results obtained in Table 3 .
This method was further applied to estimate the location of chromosomal break point around ser-3, mt and acr-3. The result in Table 4 (4) indicated that the linkage of nt to ser-3 was closer than those to the other two loci. Therefore chromosomal break point was estimated to locate close to ser-3 rather than close to acr-3. The marker un-3 exists between ser-3 and mt. We tried to estimate the location of chromosomal break point among these closely linked markers with this method and also tried to mark KH5-7 strain with un-3 for further analysis of the chromosomal translocation.
As shown in Table 4 (5), the linkage of un-3 to nt was almost equal to that of ser-3, and we failed to mark KH5-7 strain with un-3. Because of the poor mating reaction of un-3 strain obtained, the linkage of mt to nt could not be estimated, but additional markers, ylo-1 and pan-2 on LG VI showed close linkage to nt. The closer linkage of nt to pan-2 than that of nt to ylo-1 indicated the existence of chromosomal break point near pan-2. From the results in Table 4 (6) and (7), there was no indication on the existence of chromosomal breakage in LG VIL but it located near pan-2 on LG VIR. The results in Table 4 (8) and (9) indicated that the chromosomal break point located near arg-lo on LG VIIR and there was no indication on the existence of chromosomal breakage in LG VIIL.
Structural analysis around mt
Though the existence of chromosomal break point between ser-3 and mt was suggested, the existence of break point between mt and acr-3 can not completely be neglected. Further the existence of chromosomal break point distal to leu-3 was suggested.
To get a more strict evidence, KH5-7 strains with various markers on LG I were intercrossed.
If one of these markers is included in the transposed chromosomal segment, the marker will behave independently, with the other LG I markers. The results in Table 5 (1) and (2) indicated that ser-3 linked to al-2 on LG IR. LG VII markers, nic-3 and nt behaved independently with LG I markers. Crosses (3) and (4) in Table 5 indicated close linkage of ser-3 and mt. Further cross (5) in Table 5 showed close linkage of mt and acr-3 and cross (6) in Table 5 indicated linkages of leu-3, mt and arg-3. From these results the chromosomal breakage near mt should be an interstitial translocation of a chromosomal segment including gene (s) essential for the viability of ascospores.
KH5-7 strain included chromosomal break point possibly between ser-3 and mt, while markers around mt showed close linkages with each other. Cross (7) in Table 5 resulted in the finding that there was chromosomal breakage distal to ser-3, and LG IL with un-5 translocated to LG VIIR near met-7. From the data of cross (8) in Table 5 unlinking of fr to mt and linkage of trp-2 on LG VIR to mt were detected.
Structural
analysis of chromosomal translocations among LG I, VI and VII Table 6 (1) and (2) indicated that the gene nt on LG VIIR closely liked to pan-2 on LG VIR. From cross (2) in Table 6 the linkages of trp-2 to ser-3 Fig. 2 . Schematic representation of complex chromosomal pairing during prophase of meiosis I in the structurally heterozygous zygotes. The relative positions of markers on LG I, VI and VII were according to Perkins et al. (1982) and relative positions of chromosomal break points were from our results.
Possible interstitial translocation of a segment between ser-3 and mt including un-3 gene will form protrusion in LG IL and the resulting segment transposed was supposed to locate in LG VI or LG VII. In the present diagram, the possible transposed segment was illustrated in LG VIC. The protruding segment and the transposed segment will cause pairing with each other, thus constituting three dimentional structure of paired chromosomes.
and that of nt to ylo-1 were confirmed.
By the crosses (3) and (4) in Table 6 , the existence of chromosomal break point between leu-3 and nit-2 was detected. A LG VIR marker, trp-2, linked to leu-3 and ser-3, and fr and nit-2 linked to a LG VIIR marker, met-7. The direction of attachment of LG IL to LF VIIR was met-7, break point, nit-2 and fr. From crosses (5), (6) and (7) in Table 6 , chromosomal breakage between pan-2 and trp-2 on LG VIR, and linking of trp-2 to ser-3 were confirmed. The breakage between un-10 and nt was detected and linkage of nt to pan-2 was confirmed. The direction of attachment of LG IL to LG VIIR was summarized to be met-7, un-10, break point, nit-2, un-5 and fr. The direction of attachment of chromosomal fragments, LG VIR to LG IL and LG VIIR to LG VIR, has not been determined.
From mapping data, a diagram showing possible chromosomal pairing during prophase of meiosis I in structurally heterozygous zygotes was prepared as illustrated in Fig. 2 , where map distances and the position of chromosomal break points were according to Perkins et al. (1982) and to our data. The complex pairing was composed of six branches. Three branches had centromeres and remaining three branches were formed by the translocation of chromosome arms. The latter two branches including LG VIR and LG VIIR will form circle when translocated chromosome fragments attached in a reversed direction relative to centromere.
DISCUSSION
The complex translocation strain, KH 5-7, which was suggested to include an interstitial translocation of a chromosomal segment close to ser-3 and mt on LG IL was found to be cyclic translocations of chromosomal arms among LG I, VI and VII. This complex translocation was found to be stable enough to be available for the genetic analysis. Since chromosomal break points lay between ser-3 and mt, KH 5-7 could easily be detected by these markers. KH 5-7 did not generate duplication in the progenies from structurally heterozygous zygotes, except for the low frequencies (1-3%) of generation of dark agar strain, that is diagnostic for the duplication of opposite mating types. Though the results in Table 3 and Table 4 (5) showed reduced recovery of mutant alleles of ser-3, un-3, un-16 and acr-3, the recoveries of these markers were reduced even in crosses between normal strains (Hasunuma, unpublished) .
Therefore reduced recoveries of these markers were not the results of duplication coverage by wild type alleles of these markers.
Though the generation of progenies with dark agar phenotype was very low, the frequency did not fluctuate so much. The mechanism of the generation can be inferred from the interstitial translocation of a small chromosomal segment including un-3 gene. Based on the diagram illustrated in Fig. 2 If this bridge migrates to one of the viable nucleus, the resulting ascospore will exhibit dark agar phenotype. Recombination of both sister strands in interstitial segment will mostly be lethal to the tetrads, since acentric chromosome fragments will be lost and they are not complemented with other part of chromosomes.
